Porous silicon (PSi) non-symmetric multi-layers are modified by organic molecular beam deposition of an organic semiconductor, namely the N,N 0 -1H,1H-perfluorobutyldicyanoperylene-carboxydi-imide (PDIF-CN 2 ). Joule evaporation of PDIF-CN 2 into the PSi sponge-like matrix not only improves but also adds transducing skills, making this solid-state device a dual signal sensor for chemical monitoring. PDIF-CN 2 modified PSi optical microcavities show an increase of about five orders of magnitude in electric current with respect to the same bare device. This feature can be used to sense volatile substances. PDIF-CN 2 also improves chemical resistance of PSi against alkaline and acid corrosion.
Introduction
Porous silicon (PSi) optical transducers have been used for more than 20 years in chemical and biological sensing by academic and industrial researchers [1] [2] [3] . Due to an easy and low-cost production process, based on the electrochemical etching of crystalline silicon in hydrofluoridic water solution, PSi is almost compatible with very large-scale integration and micromachining standard technologies, so that it could be usefully employed in the fabrication of microopto-electric-mechanical systems and smart sensors [4, 5] . PSi is also widely used as photonic material due to the possibility of fabricating high-quality optical structures, either as single layers, which act as Fabry-Perot interferometers, or multi-layers, which are resonant structures such as Bragg or rugate filters. As PSi has a porous structure with a specific area up to 200-500 m 2 cm
23
, it can be very sensitive to the presence of biochemical species that penetrate inside the pores. The sensing mechanism is based on the change of the PSi refractive index on exposure to the substances to be detected, due to their infiltration or capillary condensation in the nanometric pores; the consequence of the refractive index variation is a change in the reflectivity/transmissivity spectrum of the devices [6] . On the other hand, the sponge-like morphology makes PSi a poor electric transducer, as its conductivity is very low, and also poorly stable from the chemical point of view. Many different methods of PSi surface modification have been proposed in literature: from thermal oxidation and hydrocarbon acetylation to biological passivation, the porous structures can be, with more or less success, tailored for specific applications [7] [8] [9] [10] .
In the field of organic semiconductors, N,N 0 -1H,1H-perfluorobutyldicyanoperylene-carboxydi-imide (PDIF-CN 2 ) is a very promising compound thanks to its interesting charge transport properties, which make it particularly attractive in the development of high-mobility n-type organic filed-effect transistors. PDIF-CN 2 is the material displaying the highest electron mobility (m) in the form of both single crystals [11, 12] and thin films [13, 14] . In particular, PDIF-CN 2 singlecrystal devices have demonstrated a mobility of about 1-6 cm 2 V 21 s
21
, bandlike transport features (namely, m increases in a range of temperatures below room temperature) [15] and negligible bias stress effects [16] . A PDIF-CN 2 
. Very recently, PDIF-CN 2 thin-film transistors have also been shown to be able to operate steadily in aqueous environments, opening new perspectives for the use of this compound in development of bio-sensing devices [17] .
In this work, non-symmetric PSi optical microcavities modified by organic molecular beam deposition of PDIF-CN 2 were fabricated and characterized from optical and electrical points of view. The hybrid devices show new features in terms of reflectivity, conductivity and also photoluminescence (PL) with respect to the bare structures.
Experimental section

Materials
All chemicals were reagent grade or higher and were used as received unless otherwise specified. Hydrofluoric acid (HF) 48% and potassium hydroxide (KOH) standard solution 0.1 mol l 21 in ethanol were purchased from Sigma Aldrich.
Sodium hydroxide (NaOH) 2 mol l 21 was purchased from Carlo Erba. PDIF-CN 2 (or ActivInk N1100) was purchased from Polyera Corporation and used without any purification step. Gold evaporation pellets were purchased from Kurt J. Lesker Company. Crystalline silicon was purchased from Silicon Materials. 
Fabrication of porous silicon photonic structures
H d H þ n L d L ¼ ml B /2,
Thermal evaporation
The electrical contacts on PSi samples were fabricated first by depositing a 5 nm thick chromium (Cr) layer and subsequently a 150 nm thick gold (Au) layer. Cr and Au were thermally evaporated at a pressure of 3 Â 10 26 mbar, where
Cr is used to facilitate adhesion between Au and PSi. Metal patterning was obtained by an iron shadow mask and substrate was put in rotation during the evaporation process in order to promote deposition uniformity. The temperature of the sample, monitored by a thermocouple during deposition process, was kept at about 638C.
Spectroscopic reflectometry
Reflectivity spectra of PSi photonic structures were acquired using a simple experimental set-up: a white light (ANDO AQ-4303B) was directed on samples by means of a Y optical reflection probe (Avantes). The same probe was used to guide the output signal to the optical spectrum analyser (ANDO AQ-6315B). Spectra were acquired at normal incidence with resolution of 5 nm. At least three measurements were recorded to provide an average spectrum of the sample.
Time-resolved optical measurements
Time-resolved optical measurement at fixed wavelength was performed in order to characterize sensing dynamics: a laser beam (Diode Pumped Crystal Laser, SLM) at 785 nm wavelength is shone on a PSi sample positioned inside a test chamber (model FB150, Calabria Liquid Crystals Technology); reflected light was collected by a photo-detector (Thorlabs DET210) and the electrical signal recorded onto an oscilloscope (LeCroyWavepro 7200). The signal was measured as a function of time, before, during and after the sample exposure to controlled flux of gaseous substances using a multi-gas controller 647C (MKS Instruments).
Time-resolved electrical measurements
Time-resolved electrical measurements were carried out by applying voltage by a source/meter Keithley 2410 and measuring the current flowing through PSi samples by an oscilloscope LeCroyWavepro 7200. The signal of the device placed inside a controlled chamber was measured as a function of time, before, during and after exposure to gaseous solutions. Several samples were exposed to isopropanol gas generated by evaporation of isopropanol added drop by drop inside closed chamber; other samples were exposed to flux of isopropanol, similar to time-resolved optical measurement. For the electrical tests, a voltage of 5 V was applied.
Chemical stability
Samples were immersed in aqueous solutions of HF (1% V/V) and of NaOH (2 mol l
21
) in order to check the effectiveness of PDIF-CN 2 surface coverage. The reflectivity spectra were recorded after 20, 40 and 80 s and 1, 2 and 4 min of immersion into solutions.
Steady-state photoluminescence
Steady-state PL spectra were excited by a diode-pumped solid-state laser at 532 nm. PL was collected at normal incidence to the surface of samples through a fibre, dispersed in a spectrometer (Princeton Instruments, SpectraPro 300i) and detected using a Peltier cooled charge-coupled device camera (PIXIS 100F). A long pass filter (Thorlabs) with a nominal cut-on wavelength of 550 nm was used to remove the laser line at the monochromator inlet.
Fourier transform infrared spectroscopy
Chemical composition of PSi layer before and after PDIF-CN 2 deposition was analysed by Fourier transform infrared (FTIR) spectroscopy. Spectra were recorded by a Thermo-Nicholet NEXUS Continuum XL (Thermo Scientific) equipped with a microscope of 2 cm 21 resolution.
Scanning electron microscopy
The morphology of PDIF-CN 2 infiltrated PSi multi-layer was investigated by scanning electron microscopy (SEM) using a field emission instrument (Zeiss-Supra 35), equipped with an Energy Dispersion Spectroscopy (EDS) probe (Oxford Instruments). Images were acquired at 4 kV accelerating voltage and 30 mm wide aperture.
Results and discussion
Standard PSi passivation strategies are mostly based on thermal oxidation or wet chemistry: the best results, in terms of chemical stability, have been obtained by silanization and hydrothermal carbonization [18, 19] . In the past, dry technologies have been scarcely used: few attempts have been made in PSi surface modification using evaporation or plasma deposition [20] , as it is not straightforward obtaining uniform coverage of a complex surface such as disordered microporous silicon. Recently, chemical vapour deposition and plasma deposition of polymers in mesoporous silicon matrices have been successfully reported [21, 22] : this is a new route, really attractive from the technological point of view, for adding new sensing features to optical transducers. Following this direction, PDIF-CN 2 modified PSi and PDIF-CN 2 modified oxidized PSi were used for optical and electrical tests; PSi and oxidized PSi devices have been used in same condition in order to highlight differences and improvements. Four non-symmetrical optical microcavities (I, II, III and IV) were fabricated; samples I and II were used for optical measurements, while III and IV for electrical tests. After fabrication, pores of all samples were slightly enlarged, about 15%, by KOH treatment [1] . Structure I was passivated by thermal oxidation. The devices I, II and IV were directly functionalized through the evaporation of the PDIF-CN 2 . As freshly etched PSi is thermodynamically unstable, before PDIF-CN 2 deposition, samples II and IV were immersed in HF solution for 2 min in order to remove the native oxide layer.
The new hybrid organic-inorganic material obtained by organic molecular beam deposition (OMBD) of PDIF-CN 2 on PSi has been chemically characterized from the macro and the micro point of view by using FTIR and SEM-EDS techniques. The comparison between the infrared spectra of an oxidized PSi microcavity (dashed black curve) and a PDIF-CN 2 modified one (solid red curve), reported in figure 1 , highlights the presence of the semiconductor in the PSi matrix due to the presence of absorption peaks at 1240 cm 21 and 1440 cm 21 , corresponding to a very strong band of the asymmetric stretch of -N ¼ C ¼ N -bond, and a weak absorption band due to the symmetric stretch of the same chemical group, respectively. The strong peaks at 1100 cm 21 and 970 cm 21 correspond to Si-O -Si bonds and to Si-OH group, respectively. The fringe modulation in both spectra is due to multiple reflections of IR radiation through the silicon wafer thickness: the fringes, and the IR absorption peaks, of the hybrid sample are wavenumber blue shifted (which means a wavelength red shift) with respect to the PSi one as the first is optically more dense, due to the presence of the semiconductor inside the PSi pores. Same results have been obtained for all PDIF-CN 2 modified PSi structures, and therefore they have not been shown here. PSi infiltration by PDIF-CN 2 was also monitored by reflectometric spectroscopy in the visible -near-infrared wavelengths range: after PDIF-CN 2 deposition, red-shifts of optical reflectivity spectra of about 5-6 nm were registered for all samples. Table 1 reports the values of wavelength resonances before and after these modifications for each device. Moreover, red-shifts are uniform on a very large range of wavelengths: this means that penetration of material inside pores is quite uniform despite several interfaces between high and low porosity layers.
A final confirmation of PDIF-CN 2 penetration in the spongy PSi multi-layer comes from the SEM-EDS analysis, whose results are summarized in figure 2 . In figure 2a , a micrograph of a hybrid structure cross section is shown: the non-symmetric alternation of low-and high-porosity couples (six before and 12 after the optical defect) can be clearly appreciated. Even if the imaging technique without the metallization pre-treatment of the surfaces cannot point out the presence of the nanometric layer in the PSi pores, the EDS chemical analysis unambiguously demonstrated the presence of organic matter inside PSi: both in punctual (figure 2b) and linear analysis (figure 2c), the spectra showed silicon, oxygen and carbon characteristic peaks. Moreover, the spatial trends of silicon and carbon are figure 2c ) to the bulk silicon: while silicon content increases passing from porous silicon (namely, a mixture of silicon and air from X-ray point of view) to crystalline silicon, the carbon content has an opposite behaviour, and even if noisy the maximum signal is generated from the double highporosity layers (actually the optical defect), where more semiconductors can be hosted. As PSi, and even more oxidized PSi, shows low-electric conductivity, electrical contacts were made on samples III and IV. A 750 nm thick silicon nitride layer was deposited on the sample surface by PECVD in order to isolate crystalline silicon from gold pads and to reduce the background current when the device is biased. Electrodes were realized by a 5 nm/150 nm thick Cr/Au layers thermally evaporated on samples III and IV through a shadow mask. Finally, two copper wires were connected to the Au pads using silver conductive paint. An explicative sketch of the simple circuits used in electrical measurements is reported in scheme 1. The (a) configuration allowed the determination of currentvoltage characteristic: the source meter instrument applied a voltage to the PSi sample and measured the current flowing through it. The (b) configuration has been used for timeresolved electrical measurements. In this case, the oscilloscope registered the current flowing in the PSi sample as a function of time: for this reason, it was important that the input impedance of the oscilloscope was lower than that of the PSi sample.
The nominal thickness (30 nm) of evaporated PDIF-CN 2 is of the same pore dimensions (between 30 and 50 nm): in order to prove that the optical non-symmetric microcavities are not completely filled after the PDIF-CN 2 deposition, and therefore are still able to sense the presence of gases, they were exposed to isopropanol for a few minutes in a closed test chamber. Preliminary tests have been carried out rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141268 in order to assess that PDIF-CN 2 films are not dissolved on exposure to isopropanol gas. Figure 3 shows red shifts of reflectivity spectra before and after exposure to isopropanol in saturation conditions for samples I and II, respectively: the vapours penetrated and condensated, due to the phenomenon of capillary condensation, in the PSi pores, the average refractive index of the layer increased, and, as a consequence, the optical thickness of the porous silicon layer also increased. Relative shifts of 108 nm and 175 nm were registered: these results clearly show that OMBD of PDIF-CN 2 did not cloak pores. The response dynamic of both optical sensors were characterized by time-resolved optical measurements. The results of measurements are shown in figure 4 in the case of a flux of nitrogen, as gas carrier, saturated by isopropanol, as analyte: we have reported response times t id , i.e. the time interval between the 10% and 90% of the maximum signal, and t rec , i.e. the time interval between the 90% and 10% of the maximum signal, equal to 6 s and 14 s for rising and 20 s and 4 s for shut down, in cases of PDIF-CN 2 -oxi-PSi and PDIF-CN 2 -PSi, respectively. The response times depend not only on the physical phenomena involved (i.e. the equilibrium between adsorption and desorption of each substance in the PSi layer) but also on the geometry of the test chamber and on the measurement procedure. The sensing technique is completely reversible, which makes the sensor re-usable. Response times obtained are comparable with those measured on PSi bare samples and oxidized PSi ones [5, 23] . Samples III and IV were used for electric tests. The first test was the determination of the current-voltage characteristics, by applying a voltage to the sample in a selected range and measuring the corresponding current, in order to choose a proper voltage range in gas-sensing electrical measurements. Figure 5 reports the current-voltage curve recorded in air for samples III (figure 5a) and IV (figure 5b). As can be noted, device IV is more conductive than III by about five orders of magnitude, due to the presence of the organic semiconductor PDIF-CN 2 . Time-resolved electrical measurement was performed by exposing samples III (figure 6a) and IV (figure 6b) to a saturated atmosphere of isopropanol ( just adding liquid isopropanol drop by drop to a closed chamber) and to a saturated flux of gases (nitrogen þ isopropanol, figure 7a,b). Only in case of sample IV was the current appreciably modulated by the gas presence, both on static and dynamic exposure cases. Even if the response times were much greater than those of the optical effect, the electrical sensing technique also shows to be completely reversible making the sensor re-usable. The response dynamic of sample IV could be explained by considering the change in surface charge during the capillary condensation process. Isopropanol is an electron donor molecule and may inject an electron to the surface states of the hybrid PDIF-CN 2 -PSi layer. This leads to a modification of the surface charge distribution, which finally results in a change in current. In other words, the increase in current could be attributed to an electron transfer from isopropanol molecule to the surface states of modified PSi. The nature of signal generation also accounts for very different time responses between optical and electrical sensing: in the first case, gas monitoring is based on direct revelation of capillary condensation, i.e. the gas -liquid phase transition inside the PSi pores which is very fast as phase transition is a critical phenomenon; in the second one, gas sensing is due to charge transfer and transport in a very complex medium, so that the kinetic is completely different and also slower for charge barriers on silicon nanocrystals [24] . Sample III did not show a significant change of current, due to the high resistivity of the PSi. The same electrical tests run out on structures III and IV have been performed on others two samples, bare oxidized PSi and PDIF-CN 2 modified oxidized PSi microcavities: any variation could not be observed in both cases as the thermal oxide isolated completely the sensing elements. HF is a very strong acid and NaOH a very strong base, which rapidly dissolve oxidized and fresh PSi, respectively: therefore, dipping PDIF-CN 2 modified PSi samples into these solutions is a severe test for checking the chemical stability of organic -inorganic semiconductor film. The presence of a PDIF-CN 2 layer inside PSi structures should protect them against corrosion by HF and basic water solutions. In particular, PDIF-CN 2 modified oxidized PSi and oxidized PSi microcavities were exposed to HF solution ( figure 8a,b) , while PDIF-CN 2 modified PSi and PSi microcavities were exposed to NaOH solution ( figure 8c,d ). In the case of HF solution, the PDIF-CN 2 modified oxidized PSi reflectivity spectrum shows a blue shift of about 20 nm after 80 s of immersion in the solution (figure 8a, dashed line), but its shape is still of very good optical quality, whereas the uncoated microcavity is completely corroded and the optical signal is not more identifiable ( figure 8b, dashed line) . In the case of NaOH solution, the PDIF-CN 2 modified PSi reflectivity spectrum shows only a blue shift of about 80 nm after 4 min of immersion in the solution ( figure 8c, dashed line) , while the PSi microcavity is completely corroded (figure 8d, dashed line).
It is well known that PDIF-CN 2 is photoluminescent, i.e. it emits light at higher wavelengths when pumped by a laser at higher frequency. We verified that both PDIF-CN 2 -PSi and PDIF-CN 2 -oxi-PSi show an intense orange-red PL signal when excited by a laser at wavelength of 532 nm (green). PL characterization is in figure 9 together with the spectra of bare PSi and oxidized PSi samples for comparison: these last ones are not photoluminescent at all. Sensing measurements based on PL emission requires a sealed stage containing the sample with an optical access to read out the effect, which are not currently available in our laboratory. Nevertheless, preliminary test in ambient air on exposure to a direct flux of gas have shown a change in the PL signal. Further investigation with a proper experimental set-up is required.
Conclusion
In this work, we have demonstrated that PSi multi-layers, such as an optical microcavity, can be effectively modified by PDIF-CN 2 , which adds interesting features to these optical transducers. The stable and compact organic film deposited by OBMD is able to penetrate the PSi matrix of microcavity and protects the samples against corrosion on exposure to diluted HF (1% v/v) and NaOH 2 mol l 21 . Moreover, the current signal, in the case of PDIF-CN 2 modified PSi is five orders of magnitude higher than bare PSi. Time-resolved electrical measurements showed a change of electrical signal when PDIF-CN 2 modified PSi was used for sensing isopropanol gas, but not in the case of bare PSi, bare oxidized PSi and PDIF-CN 2 modified oxidized PSi. On the contrary, time-resolved optical measurements showed the variation of optical signal for both PDIF-CN 2 modified PSi and PDIF-CN 2 modified oxidized PSi. By combining these results, it is possible to design new hybrid organic/inorganic semiconductor structures based on PDIF-CN 2 -PSi which can act as effective multi-parameters (optical and electrical) transducers for chemical sensing.
